Collision-induced continental deformation commonly involves complex interactions between strike-slip faulting and off-fault deformation, yet this relationship has rarely been quantified. In northern Tibet, Cenozoic deformation is expressed by the development of the N1000-km-long east-striking left-slip Kunlun, Qinling, and Haiyuan faults. Each have a maximum slip in the central fault segment exceeding 10s to~100 km but a much smaller slip magnitude (~b 10% of the maximum slip) at their terminations. The along-strike variation of fault offsets and pervasive off-fault deformation create a strain pattern that departs from the expectations of the classic plate-like rigid-body motion and flow-like distributed deformation end-member models for continental tectonics. Here we propose a non-rigid bookshelf-fault model for the Cenozoic tectonic development of northern Tibet. Our model, quantitatively relating discrete left-slip faulting to distributed off-fault deformation during regional clockwise rotation, explains several puzzling features, including the: (1) clockwise rotation of east-striking left-slip faults against the northeast-striking left-slip Altyn Tagh fault along the northwestern margin of the Tibetan Plateau, (2) alternating fault-parallel extension and shortening in the off-fault regions, and (3) eastward-tapering map-view geometries of the Qimen Tagh, Qaidam, and Qilian Shan thrust belts that link with the three major left-slip faults in northern Tibet. We refer to this specific non-rigid bookshelf-fault system as a passive bookshelf-fault system because the rotating bookshelf panels are detached from the rigid bounding domains. As a consequence, the wallrock of the strike-slip faults deforms to accommodate both the clockwise rotation of the left-slip faults and off-fault strain that arises at the fault ends. An important implication of our model is that the style and magnitude of Cenozoic deformation in northern Tibet vary considerably in the east-west direction. Thus, any single north-south cross section and its kinematic reconstruction through the region do not properly quantify the complex deformational processes of plateau formation.
Introduction
The fundamental mode of continental tectonics has been characterized by two end-member processes: plate-like rigid-body motion (e.g., Tapponnier et al., 1982; Weldon and Humphreys, 1986; Avouac and Tapponnier, 1993; Meade, 2007) and distributed deformation via viscous flow (e.g., England and Houseman, 1986; Yin and Taylor, 2011) . In the rigid-plate model, continental deformation is quantified by rigid block rotation on a sphere about their respective Euler poles; the horizontal dimension of the blocks is much greater than the width of faults/shear zones that bound the blocks (e.g., Avouac and Tapponnier, 1993) . In contrast, the viscous-flow model quantifies continental deformation by solving a boundary-value problem that requires the knowledge of lithospheric rheology (e.g., England and Houseman, 1986) . This model envisions distributed continental deformation, with major faults approximated as zones of high strain within a continuum. These two end-member models have been extensively tested in Tibet against structures created during the Cenozoic India-Eurasia collision (e.g., Yin and Harrison, 2000; Zhu et al., 2005; Yin, 2010a; van Hinsbergen et al., 2011; Yin and Taylor, 2011) . Debates have been centered on whether the N1000-km-long east-striking leftslip Haiyuan, Qinling, and Kunlun faults in northern Tibet (Fig. 1 ) have acted as rigid-block boundaries (Tapponnier et al., 1982; Avouac and Tapponnier, 1993; Tapponnier et al., 2001) or transfer-fault structures linking dip-slip fault systems (e.g., Burchfiel et al., 1991; Yin, 2000; Duvall and Clark, 2010) .
One form of rigid-block models for deformation in northern Tibet is bookshelf faulting, which requires that the observed left-slip faulting is driven by regional right-lateral shear (Cobbold and Davy, 1988; England and Molnar, 1990) . Applying the classic rigid bookshelf-fault model (Freund, 1970) to explain the tectonic development of northern Tibet raises several important questions that have not yet been addressed: (1) Why do the parallel east-striking left-slip faults terminate at the northeast-striking left-slip Altyn Tagh fault rather than a right-slip northeast-striking shear zone as required by the bookshelf-fault model ( Fig. 1) ? (2) How are the required lithospheric-scale "gaps" and "overlaps" at the ends of the rotating blocks accommodated by off-strike-slip-fault deformation (e.g., Luyendyk et al., 1980; Onderdonk, 2005; Platt and Becker, 2013) (Fig. 2) ? (3) What is the kinematic relationship between the east-striking left-slip faults and the triangular eastward-tapering thrust belts at the western ends of the strike-slip faults (i.e., the Qimen Tagh, Qaidam, and Qilian Shan-Nan Shan thrust belts) ( Fig. 1) ?
In this study we propose a non-rigid bookshelf-fault model (e.g., Yin and Pappalardo, 2015) to resolve the above issues. Specifically, we show that an eastward decrease in Cenozoic strain results in clockwise rotation and left-slip bookshelf faulting across northern Tibet. The detached rotation of these bookshelf faults against rigid bounding domains, a process which we refer to as passive bookshelf faulting, may explain why a left-slip bookshelf fault system is bounded by the left-slip Altyn Tagh fault (Fig. 1) . Non-rigid wallrock deformation within the strike-slip-fault-bounded regions accommodates both the clockwise rotation of the strike-slip faults and the space issues that arise at the ends of the bookshelf panels. The model implies that thrust belt development and strike-slip faulting in the region are coeval and kinematically linked, which contrasts an earlier suggestion that they represent two distinct stages of plateau development (e.g., Yuan et al., 2013) .
Cenozoic left-slip faults in northern Tibet
The~N110°E-striking left-slip Kunlun, Qinling, and Haiyuan faults, extending for~1500,~1000, and~1000 km respectively, are by far the longest and most continuous structures in northern Tibet ( Fig. 1 ) (Tapponnier et al., 2001; Taylor and Yin, 2009) . The faults are lithospheric structures (Wang et al., 2011; Gao et al., 2013 ) that closely follow the surface traces of the Paleozoic and Mesozoic Qilian, Qinling, and Kunlun suture zones (Yin and Harrison, 2000; Wu et al., in press) (Fig. 1) .
The kinematics of these major east-striking faults has been related to lateral extrusion (Tapponnier et al., 1982 (Tapponnier et al., , 2001 Cheng et al., 2015) , strain transfer between thrust belts (Burchfiel et al., 1991; Zhang et al., 1991; Duvall and Clark, 2010) , and bookshelf faulting associated with clockwise fault rotation induced by broad and distributed northtrending right-lateral shear (England and Molnar, 1990; Zuza and Yin, 2013) (Fig. 3a) . The extrusion fault model requires high slip rates (N10-20 mm/yr), large fault offsets (100s km) (Tapponnier et al., 1982; Avouac and Tapponnier, 1993) , the presence of zipper thrusts at the western end of the left-slip faults (Peltzer and Tapponnier, 1988; Cheng et al., 2015) , and a conjugate and coeval right-slip fault with a similar slip magnitude to assist eastward lateral extrusion (scenario 1 in Fig. 3a) . In contrast, the transfer-fault model predicts transpressional deformation at the termination thrusts oriented obliquely to the strikeslip faults (scenario 2 in Fig. 3a) . Finally, the bookshelf fault model predicts clockwise rotation of both the left-slip faults and the faultbounded wallrock. If the bookshelf panels are rigid, the model predicts the formation of "gaps" and/or "overlaps" at the end of the rotating blocks (scenario 3 in Fig. 3a) ; these gaps and overlaps can be reconciled Zuza et al. (2016) . Also shown are Harvard centroid moment tensor (CMT) earthquake focal mechanisms from 1 January 1977 to 1 January 2009 of events NM5.5. Inset shows location of northern Tibet in the context of the Himalayan-Tibetan orogen. The digital topographic basemap is from the GeoMapApp software (Ryan et al., 2009) by fault-parallel extension and/or shortening with non-rigid off-fault deformation (scenario 4 in Fig. 3a) . Proposed solutions to the space issues of rigid bookshelf faulting (scenario 3 in Fig. 3a) include (1) extension leading to basin formation (Luyendyk et al., 1980) (Fig. 2b) , (2) shortening within the terminal regions of the rotated blocks (e.g., Onderdonk, 2005) (Fig. 2c) , or (3) fault-parallel stretching across the rotated blocks (e.g., Becker, 2010, 2013) (Fig. 2d) .
2.1. Initiation age and along-strike variation of fault offsets and slip rates A summary of inferred fault initiation ages across northern Tibet is shown in Fig. 3b . The Haiyuan fault, which initiated at~17-12 Ma in the west (Duvall et al., 2013) and~8 Ma in the east (Zheng et al., 2006; Yuan et al., 2013) (Fig. 3b) , is estimated to have 95 ± 15 km left-lateral offset at the center (Gaudemer et al., 1995) and 10-15 km slip at the eastern end (Burchfiel et al., 1991; Zhang et al., 1991) (Fig. 1) . Slip along the range-bounding thrusts at the western termination of the Haiyuan fault is ≤10 km (Reith, 2013; Zuza et al., 2014 Zuza et al., , 2016 (Fig. 1) , requiring a significant decrease in fault slip from the center to the western end. The bidirectional decrease in the total fault offset along the Haiyuan fault correlates with the along-fault variation of Quaternary and global positional system (GPS) velocity-fieldbased slip rates: 11-19 mm/yr at the center (Gaudemer et al., 1995; Lasserre et al., 1999 Lasserre et al., , 2002 , b5 mm/yr in the east Cavalié et al., 2008; Li et al., 2009) , and 2-4 mm/yr in the west .
The western segment of the Qinling fault is a transpressional structure that initiated at~50 Ma (Duvall et al., 2013; Yuan et al., 2013) (Fig. 3b) , whereas the eastern segment of the Qinling fault is a transtensional structure initiated in the Eocene with accelerated motion in the late Miocene (Mercier et al., 2013) (Fig. 1) . Slip along the central and eastern sections of the Qinling fault is 20-30 km (Ratschbacher et al., 2003) with a Quaternary slip rate of 7.2 ± 2.2 mm/yr (Zhang et al., 1995) . The total fault offset in the west is constrained by eastwest shortening magnitude estimates of 10-15 km across both the Jishi Shan and Liupan Shan thrust belts ( Fig. 1) Burchfiel et al., 1991; Lease et al., 2012) . The Jishi Shan and Liupan Shan thrust belts initiated at~13 Ma and~8 Ma respectively (Zheng et al., 2006; Godard et al., 2009; Lease et al., 2012) , corresponding to an average slip rate on the western Qinling fault of about 1-1.5 mm/ yr. This is significantly less than that of the central and eastern fault segments.
The Kunlun fault initiated diachronously at 35-30 Ma in the west (Mock et al., 1999; Jolivet et al., 2003; Clark et al., 2010) , 20-15 Ma along its central segment (Yuan et al., 2006; Duvall et al., 2013) , and 8 Ma in the east (Duvall et al., 2013) (Fig. 3b) . Offset along the fault decreases bidirectionally from~120 km in the center (Kidd and Molnar, 1988) to b10s of km at the eastern and western ends when it links with minor dip-slip fault systems (Jolivet et al., 2003; Fu and Awata, 2007) (Fig. 1 ). Quaternary slip rates along the central Kunlun fault of 10-12 mm/yr (Van der Woerd et al., 1998 , 2000 , 2002 Fu et al., 2005; Li et al., 2005) decrease to b2 mm/yr along the eastern segment (Kirby et al., 2007; Harkins and Kirby, 2008; Harkins et al., 2010) . Given the fault initiation age of 35-30 Ma in the west and 20-30 km of slip along the fault (Mock et al., 1999; Jolivet et al., 2003) , the average slip rate of the Kunlun fault in the west is also b2 mm/yr. Thus, slip rates along the Kunlun fault must decrease bidirectionally from the center.
These east-striking left-slip faults terminate in the west at the northwest-trending Qilian Shan-Nan Shan, Qaidam Basin, and Qimen Tagh thrust belts and in the east at the north-trending Liupan Shan and Longmen Shan thrust belts (Fig. 1) Conceptual models for the space issue that arises in a bookshelf fault system given an (a) initial configuration with three bookshelf panels bounded on the bottom and top with rigid but movable blocks. Three mechanisms have been proposed to conserve area at the ends of the panels, including (b) lithospheric-scale basin development (e.g., Luyendyk et al., 1980) , (c) crustal shortening at the ends of the panels (e.g., Onderdonk, 2005) , and (d) fault-parallel stretching throughout the panels (e.g., Platt and Becker, 2013) . Note that in each case, the width of the system (W) is not constant. systems, which was followed by activity in the Qimen Tagh and the northern Qilian Shan thrust belts at 25-20 Ma (e.g., Yin et al., 2008a; Duvall et al., 2013; Cheng et al., 2014) (Fig. 3b) . The Longmen Shan thrust belt, which involves dip-slip thrusting and minor right-slip faulting (Densmore et al., 2007; Yin, 2010b) , began to develop at 30-25 Ma and accelerated deformation occurred at 15-10 Ma (Godard et al., 2009; Wang et al., 2012) . The Liupan Shan thrust belt initiated at 8 Ma (Zheng et al., 2006) . Existing studies indicate a north-south shortening magnitude of 200-450 km across the three northwesttrending thrust belts (i.e., the Qimen Tagh, Qaidam Basin, and Qilian Shan-Nan Shan) (Gaudemer et al., 1995; Meyer et al., 1998; Yin et al., 2007; Yin et al., 2008a Yin et al., , 2008b Gao et al., 2013; Cheng et al., 2014; Zuza et al., 2016) , which contrasts sharply to the 10-40 km of shortening across the north-trending Liupan Shan and Longmen Shan thrust belts ( Fig. 1) Burchfiel et al., 1995; Hubbard and Shaw, 2009 ).
The major left-slip faults in northern Tibet also link with extensional zones and right-slip faults (Fig. 1) . The Haiyuan fault merges with the north-trending Yinchuan rift system in the east and southeast-striking right-slip Elashan and Riyueshan faults in the west (e.g., Zhang et al., 1998) , the Qinling fault links with the Shanxi rift system in the east and right-slip Riyueshan-Gonghe fault in the west (e.g., Zhang et al., 1998) , and the Kunlun fault links with central Tibetan rifts in the west (Yin, 2000) and the right-slip Elashan and Gonghe faults along its eastern segment (Fig. 1) . Note that both the obliquely oriented western thrust belts and right-slip faults and the orthogonally oriented rifts and eastern thrust belts accommodate stretching and shortening parallel to the east-striking left-slip faults (Fig. 1) . This off-fault strain pattern is inconsistent with the extrusion and transfer-fault models for the tectonic development of left-slip faulting in northern Tibet (scenarios 1 and 2 in Fig. 3a ).
Protracted regional clockwise rotation of northern Tibet
The restoration of a series of balanced cross sections indicates an eastward decrease in north-south Cenozoic shortening across the Qaidam Basin thrust belt (Yin et al., 2008a (Yin et al., , 2008b . A similar eastward decrease in Cenozoic shortening strain may be inferred across the Qilian Shan-Nan Shan and Qimen Tagh thrust belts on the basis of an eastward decrease in the (1) number of thrusts, (2) thrust belt width, and (3) average elevation assuming all thrusts initiated at the same elevation and have experienced the same amount of erosion (Fig. 1 ). The eastward decrease in shortening strain implies clockwise rotation across northern Tibet throughout much of the Cenozoic (i.e., since thrust initiation at 50-45 Ma). This observation is consistent with paleomagnetic data that suggests 15°-20°total clockwise rotation across northern Tibet with respect to the Eurasian reference pole since the Cretaceous (Fig. 4b ) at a rate of 0.3 to 0.5°/Ma (Frost et al., 1995; Halim et al., 1998 Halim et al., , 2003 Cogné et al., 1999; Dupont-Nivet et al., 2004; Chen et al., 2002a Chen et al., , 2002b Sun et al., 2006) . Variability in rotation magnitudes, ranging from 0°to N 20°across the region, results from heterogeneous Cenozoic deformation (Yin et al., 2008a) .
Geodetic measurements (Gan et al., 2007) show clockwise rotation of northern Tibet about an Euler pole located~500 km to the southeast of the Eastern Himalayan Syntaxis (Fig. 4) . Other workers have placed the rotation poles for northern Tibet in the western South China Sea (Peltzer and Saucier, 1996) and southwest China (Thatcher, 2007) to fit Tapponnier et al., 1982) predicts the presence of a conjugate right-slip fault with a similar slip magnitude near the western end the fault, the (2) transfer fault model (e.g., Burchfiel et al., 1991; Duvall and Clark, 2010 ) requires a left-slip component across the termination thrusts, the (3) rigid bookshelf fault model (e.g., England and Molnar, 1990 ) predicts gaps and/or overlaps at the ends of the rigid blocks, and the (4) non-rigid bookshelf fault model predicts fault-parallel stretching and/or shortening to preserve mass at the panel ends (this study). (b) Ages of deformation in northern Tibet from numerous sources. Ages represent initiation of fault activity. Faults initiated in the Paleogene are in blue whereas faults initiated in the Neogene are red. Modified from Yuan et al. (2013) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) the global positional system (GPS) data with clockwise rotation rates of 0.5 to 1°/Ma.
We examine the velocity field across the region using the published GPS data of Gan et al. (2007) to constrain the rotation rates of the eaststriking left-slip faults in northern Tibet. With this data, we derive the relative rotation and shear strain rates for four fault-bounded domains: the Qilian Shan (QS), North Qaidam (NQ), Qaidam Basin (QB), and East Central Tibet (ECT). The rotation rates of the above fault-bounded domains may approximate the fault rotation rates if present-day faultperpendicular shortening and extension are negligible. Using the northern foreland of the Tibetan Plateau in the North China craton as a fixed reference frame (i.e., the star in Fig. 4b ), we project fault-perpendicular velocities (i.e., N20°E, referred to as the y-direction) of each faultbounded domain onto a line trending N110°E (referred to as the x-direction) that approximates the strike-slip fault strike (Fig. 4b) . Note that we only picked stations that are to the north or south of the major left-slip faults (e.g., stations in the North Qaidam thrust belt were excluded) and are located more than~50 km from the active strike-slip faults to avoid complications due to elastic behavior along locked faults. Each domain displays a relatively linear east-west velocity gradient, shear strain rate ( _ γ = 2_ ε xy ), and rotation rate ( _ ω) (Fig. 4c ). Clockwise rotation rates are similar for the East Central Tibet, Qaidam Basin, and North Qaidam domains (i.e., 0.59°/Ma , 0.66°/Ma, and 0.64°/ Ma , respectively) and decrease to 0.41°/Ma for the Qilian Shan domain in the north (Fig. 4c) . The decrease in rotation rate across the Qilian Shan implies that central and northern Tibet are rotating in a clockwise 
Distance ( 
(6) (6) (7) (Heidbach et al., 2008) . Gold star shows the reference location for analyses in Fig. 4c . Also shown is the x-y coordinate system, with the x-axis parallel to N110°E. Paleomagnetic rotation data are from (1) Halim et al. (2003) , (2) sense relative to North China. The magnitudes of north-south rightlateral shear strain rates ( _ ε xy ) vary between 1.0 × 10 −16 s − 1 and 2.5 × 10 −16 s −1 (Fig. 4c ). These present-day rotation rates are similar with those that are geologically and paleomagnetically derived (see above), although less than then 1-2°/Ma estimated by England and Molnar (1990) .
Extension and shortening within fault-bounded domains
The wallrock of the major left-slip faults, defined as the crust bounded by the strike-slip faults, displays a distinctive four-quadrant strain distribution (Fig. 5) . Each strike-slip fault can be divided into four quadrants that alternate between domains of fault-parallel stretching and domains fault-parallel shortening (Fig. 5a ). The northern wallrock of the Haiyuan fault experiences fault-parallel shortening through thrusting across the obliquely oriented Qilian Shan-Nan Shan thrust belt in the west and fault-parallel extension across the orthogonally oriented Yinchuan rift in the east (Figs. 1 and 5b) . The southern wallrock of the Haiyuan fault experiences fault-parallel stretching via right-slip faulting in the west and fault-parallel shortening across the Liupan Shan thrust belt in the east (Figs. 1 and 5b) . The northern and southern wallrock panels of the Qinling fault are dominated by fault-parallel contraction across the Jishi Shan and Liupan Shan thrust belts in the northwest and a contractional zone bounding the southeastern edges of the Qinling and Daba Shan in the east (Figs. 1 and 5) . In contrast, the Qinling wallrock is characterized by fault-parallel extension along the Shanxi rift system to the northeast and a right-slip fault system to the southwest (Fig. 5b) . The Kunlun fault also displays a four-quadrant deformation pattern expressed by shortening across the Qimen Tagh and Min Shan-Longmen Shan thrust belts and extension across north-striking Tibetan rifts and right-slip faulting (Kirby et al., 2000; Jolivet et al., 2003; Wang and Burchfiel, 2004; Yin et al., 2007 Yin et al., , 2008b Duvall and Clark, 2010; Cheng et al., 2014) (Fig. 5b) .
The southeast-striking right-slip Elashan, Riyueshan and Gonghe faults may represent a secondary bookshelf faults within this larger bookshelf fault system (e.g., Duvall and Clark, 2010) (Figs. 1 and 5b) . Haiyuan, Qinling, and Kunlun faults all display a four-quadrant strain distribution, with fault-parallel shortening in the northwest and southeast quadrants and fault-parallel extension in the southwest and northeast quadrants. Inset shows how the non-rigid bookshelf faulting can generate the observed four-quadrant strain distribution. Fault-perpendicular deformation accommodates clockwise rotation of the faults whereas fault-parallel deformation is required to resolve the "gap" and "overlap" issues that arise at the panel ends. Note that the specific strain asymmetry corresponds to a clockwise fault rotation direction.
slip shear between the Kunlun and Haiyuan faults, also suggest north-south shortening and east-west stretching (i.e., strike-slip fault-parallel extension and fault-perpendicular shortening).
Non-rigid bookshelf fault model
As summarized above, existing work across northern Tibet indicates: (1) an eastward decrease in Cenozoic north-south shortening accompanied by clockwise rotation of the east-striking left-slip faults and their wallrock since the Eocene, (2) a bilateral decrease in strike-slip fault offset and slip rate along the left-slip faults that eventually almost disappears at the fault ends, and (3) a distinctive four-quadrant strain pattern in the wallrock of these faults. These observations can be tested against the existing models for the role of strike-slip faulting in accommodating India-Eurasia convergence across northern Tibet (Fig. 3a) . The observed fault rotation is not explicitly required by the extrusionfault and transfer-fault models (scenarios 1 and 2 in Fig. 3a) , and neither of these models predict a four-quadrant strain pattern along the left-slip faults (Fig. 5) . The observed bidirectional decrease in fault slip is also inconsistent with these models. The extrusion-fault model (scenario 1 in Fig. 3a ) requires conjugate faults with comparable slip magnitudes, which is not observed in northern or central Tibet (Fig. 1 ) (cf. Cheng et al., 2015) . Lastly, dip-slip north-south shortening in the western Qilian Shan-Nan Shan thrust belt near the western end of the Haiyuan fault, as indicated by fault plane solutions ( Fig. 1 ) (e.g., Taylor and Yin, 2009 ) and field observations (Yin et al., 2008a; Reith, 2013; Zuza et al., 2014) , is inconsistent with the transfer fault model that predicts left-slip transpression across this termination thrust system (scenario 2 in Fig. 3a) .
At face value, the observations from northern Tibet may best be explained by a rotated-fault model. The rigid bookshelf-fault model (England and Molnar, 1990 ) (scenario 3 in Fig. 3a) , based on the classic work on bookshelf faulting by Freund (1970) , does not account for offfault deformation and fails to quantify the relationship between strikeslip and dip-slip faulting. Below we propose a new non-rigid bookshelffault model for the development of linked left-slip faults and eastwardtapering thrust belts in northern Tibet.
Active and passive bookshelf faulting
Traditionally, the sense of shear within a bookshelf fault system is opposite that of the bounding shear zone that drives bookshelf panel rotation (Freund, 1970) . For example, a left-slip bookshelf fault system requires a right-slip bounding shear zone to drive clockwise panel rotation. In this case, right-lateral shear "drags" the fault-bounded domains in a clockwise fashion. We herein refer to this process as active bookshelf faulting, because at least one of the bounding "walls" is moving to drive panel rotation (Fig. 6a) . Alternatively, we introduce a new self-rotating passive bookshelf fault system, where the rotating panels are detached from the fixed boundary "walls" (e.g., Yin and Pappalardo, 2015) (Fig. 6b ). In this model, the kinematics of the boundary shear zones and the individual bookshelf faults can be the same when the rotation axis is fixed in the center of the bookshelf fault system and the bounding walls are fixed (middle panel of Fig. 6b) . Qualitatively, if the active bookshelf system is driven by drag along the edges, then the passive system is driven by a push from behind (or upward as in Fig. 6b ) or rotation from below. Our model predicts that the top bounding surface in Fig. 6b absorbs shortening strain, and the magnitude of this strain varies laterally due to block rotation. Note that there are many possible variations of our passive bookshelf-fault model, depending on the relative magnitude of rigid-block rotation and rigid-block translation. For example, if the bookshelf fault system experiences both self-rotation at the panel centers and significant translation (upward in Fig. 6b ), the sense of shear along one of the boundary shear zones may switch (bottom panel in Fig. 6b) . Depending on the magnitude of translation, there may be little observable shear on the right boundary zone in Fig. 6b .
The geometric relationships between the initial width of the system in the x-direction (L o ), width of the panels in the y-direction (W), panel rotation magnitude (α), translation velocity magnitude (v), and boundary shear slip (e.g., S o , S 1 , S 2 , etc.) are quantified, assuming rigid-body motion, in Fig. 6 . For the active bookshelf fault system shown in Fig. 6a , translation of the left wall by S o relative to the right wall leads to right lateral shear strain (total shear strain of S o /L) and clockwise panel rotation (α), so that the variable width of the system (L) is
Half of the corners of the bookshelf panels remain in contact with the bounding-edge of the walls but they may slip in the y-direction (i.e., S 1 and S 6 in Fig. 6a) , so that the system can experience more shear than the panel rotation expresses. Given that all of left-side bookshelf panel corners move relative to the left boundary wall in the y-direction by S 1 , and S 1 ≥ 0 (Fig. 6a) , the slip of the other left-side corners relative to the left boundary wall is (Freund, 1970) where shear is driven by drag along the boundary walls and the sense of shear of the bounding shear zones must be opposite of the slip between the bookshelf panels. (b) Conceptual model for a passive bookshelf fault system, where panels rotating about the center of the system are driven by a push from the bottom. The panels can both rotate and translate. Note that at some point between stages (2) and (3), the easternmost bounding fault transitions from left-slip to right slip, and at this point there is negligible strike-slip offset at this right-side boundary.
Slip of the right-side corners relative to the right boundary wall is similar, except that the magnitudes are related to S 6 instead of S 1 (Fig. 6a) .
The width of the passive bookshelf fault system remains constant (L = L o ) (Fig. 6b) . Rotation of the panels in the passive bookshelf fault system of Fig. 6b results in boundary zone slip magnitudes (i.e., S 1 and S 2 on the left and right sides, respectively) of
Alternatively, if there is a component of translation in the y-direction (v) (bottom panel of Fig. 6b) , the resulting boundary zone slip magnitudes are described by:
First-order deformation in either the passive or active systems can be quantified as continuous velocity fields. The idealized velocity field (i.e., no discrete faults) across an active bookshelf system is
where u and v are the velocity components in the x and y directions perpendicular and parallel to the shear zone, respectively, h is the width of the shear zone, and v o is the velocity on one side of the shear zone at x = −h relative to the other side of the shear zone (Fig. 7a) . Note that in all of our derivations, the origin is placed at the right-side boundary, so that the left boundary is located at x = −h (Fig. 7) . The corresponding strain-rate-tensor components are,
(a) Velocity field across an active bookshelf fault system
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where _ ε xx and _ ε yy are extension strain rates in the x and y directions, perpendicular and parallel to the shear zone, and _ ε xy is the shear strain rate (e.g., Ramsay and Huber, 1983) . The rotation rate may be derived as follows:
where _ ω is rotation rate and _ γ is engineering or total shear strain rate (Fig. 7a) .
Deformation for the passive bookshelf system (Fig. 7b) can be quantified in a similar manner, except that the velocity in the y-direction is the sum of velocities related to translation and rotation (Figs. 6b and 7b) , such that
where v is the velocity component in the y-direction parallel to the shear zone, h is the width of the shear zone, v r is velocity component related to rotation, v ro is the rotation-related velocity at one side of the shear zone at y = −h, and v t is the velocity component related to translation. In this approximation, we are only considering the y-component of the rotational velocity (v r ). The complete corresponding velocity field is
where u is the velocity component in the x-direction perpendicular to the shear zone, and the other variables are the same as above (Fig. 7b) . The strain-rate-tensor components are as follows:
from which the rotation rate is given by
3.2. Non-rigid bookshelf faulting in northern Tibet: passive and stretchy
We propose that the clockwise rotating east-striking left-slip faults in northern Tibet are part of a passive bookshelf system (Fig. 6b) because they are bounded to the northwest by the left-slip Altyn Tagh fault (Fig. 1 ). An active left-slip bookshelf fault system (Fig. 6a) would require a right-slip bounding shear zone to drive clockwise panel rotation, whereas the passive system allows the panels to rotate in a clockwise fashion against a rigid boundary to the west, creating a left-slip shear zone. This simple model involving clockwise rotation across the region may explain why Tibet is bounded by left-slip fault system to the northwest (i.e., the Altyn Tagh fault) and minor-to-insignificant right-slip faulting to the southeast (i.e., within the Longmen Shan) (Fig. 1) , rather than the expected broad right-slip shear zones as predicted by the classic rigid-bookshelf model (England and Molnar, 1990) .
The predicted velocity field from the passive bookshelf system (Eqs. (9a) and (9b)) can be compared to the GPS-derived velocity field across northern Tibet (Fig. 4) . The eastern boundary of northern Tibet does not have a significant north-striking strike-slip bounding fault like the western boundary (i.e., the Altyn Tagh fault); only minor right-slip faulting is observed in the Longmen Shan (Densmore et al., 2007; Yin, 2010b) (Fig. 1) . Because of this, we can infer that the N-S velocity due to clockwise rotation is matched by the northward translation velocity, so that v ro is equal but opposite to v t at x = 0 (the eastern boundary) (Fig. 7b) in Eqs. (9a) and (9b). The N20°E velocity gradient plotted in Fig. 4c shows a maximum velocity near the western boundary (x = −h) of~16 mm/yr, which requires v r and v t of Eqs. (9a) and (9b) to equal~8 mm/yr. A northward translational velocity (v t ) of 8 mm/yr is reasonable given that the northward GPS velocities just south of the Kunlun fault are 7-15 mm/yr (Zhang et al., 2004; Yin and Taylor, 2011 ). If we assume that the fixed width of the system h is 1400 km (Fig. 1) , the N-S velocity field can be described by v = (−1.14 × 10 −8 )x yr −1 (Fig. 7b) . The resulting shear strain rate and clockwise rotation rate are _ ε xy = −1.81 × 10 −16 s −1 and _ ω = 0.65°/Ma respectively. These rates are comparable to the paleomagnetic, geologic, and geodetic data discussed above.
Since the boundary domains in the active or passive bookshelf system are relatively rigid, the bookshelf panels must be non-rigid to resolve the space issues that arise at the panel ends (Figs. 2 and 6 ) (e.g., Luyendyk et al., 1980; Onderdonk, 2005; Platt and Becker, 2013) . The necessary fault-parallel stretching or shortening of the faultbounded domains accommodates negligible slip at the ends of each rotating fault. The strike-slip faults in a non-rigid bookshelf system, bounded by deformable rather than rigid wallrock, are referred to as stretching faults (Means, 1989 (Means, , 1990 .
Unlike the models of either Onderdonk (2005) or Platt and Becker (2013) , the bookshelf panels in our non-rigid passive bookshelf model do not have to either all stretch or all shorten to accommodate rotation in a deforming material. Instead, each quadrant of wallrock deforms according to the kinematics of the bounding strike-slip faults, so that off-strike-slip-fault wallrock deformation accommodates negligible slip at the strike-slip faults tips (Fig. 5 ). An example of a possible interaction along the left-most boundary is shown in Fig. 8 . Given the small angle of clockwise rotation of the left-slip faults (θ ≪ 1°), the resulting left-lateral slip (d) must be accommodated by fault-parallel stretching and shortening strain (ε xx ) in the panels adjacent to the strike-slip fault (i.e., panels A and B in Fig. 8) . Assuming that the resulting strain is homogenous throughout one-half of the bookshelf panel and affects both panels A and B by the same magnitude, this strain can be written as:
whereε A xx andε B xx are the extension strain in panel A and panel B, respectively, d is the left-lateral slip, and S is the half the length of the bookshelf panel (S = L/2), all in the x-direction (Fig. 8) . Because this left-slip (d) is caused by clockwise rotation, we can relate this strain to rotation rate, and derive the resulting fault-parallel strain rate:
where W is the width of the bookshelf panel in the y-direction, Δθ is the small angle of clockwise rotation of the left-slip faults over a short timescale (Δt), and the other variables are the same as above. The corresponding velocity field may be written as,
where u A x andu B x are the velocity components in the x-direction in panels A and B respectively, and c is a constant of integration may be dropped by setting the boundary condition of u x = 0 at x = 0 (Fig. 8) . Combining Eqs. (14a), (14b), and (11) yields an expression for fault-parallel stretching rate (u x ) as a function of v ro :
If we take v ro to be 8 mm/yr (as discussed above), the bookshelf panel between the Kunlun and Qinling faults to have a width of 150 km and length of 1400 km (S = 700 km) (Fig. 1) , and the width of the bookshelf system h as 1400 km, we arrive at fault-parallel stretching rates of~1 mm/yr. For the Kunlun fault, as an example, this should be accommodated by fault-parallel shortening in the Qimen Tagh and extension to the south in central Tibet at a rate of~1 mm/yr (Fig. 1) .
Discussion
Driving mechanisms for clockwise rotation
Applying the passive bookshelf fault model to northern Tibet requires clockwise rotation of the left-slip faults and fault-bounded wallrock relative to the relatively fixed Tarim and North China (i.e., the top, left, and right sides of the passive bookshelf fault system in Fig. 6b ). This system can be driven by either rotation of the bottom boundary (i.e., rotation of central and southern Tibet) or basal drag beneath the system. In the simplest case, clockwise rotation of southern Tibet and/or the Himalaya relative to North China (Fig. 9a) can drive clockwise rotation of northern Tibet. Due to the lack of paleomagnetic and GPS data across central and southern Tibet, this model is difficult to test with confidence ( Figs. 1  and 4a) . However, existing geologic data from central and southern Tibet suggest that the regions are actually experiencing counterclockwise rotation (e.g., Yin, 2006; Burgess et al., 2012) , which is inconsistent with the model requirements. Alternatively, rotation of northern Tibet could have been driven by an eastward decrease in gravitational potential energy (GPE) and GPE gradient in central Tibet (England and Molnar, 1997) (Fig. 9b) . This GPE distribution may lead to faster spreading of the thickened lithosphere in the west than that in the east, causing clockwise rotation of northern Tibet. One potential problem is that this model would require north-south extension across central Tibet that is not observed. However, the spreading-induced extensional strain may be overwhelmed by India-indentation-induced shortening strain in the region. It is also possible that fault rotation in northern Tibet is driven by a toroidal asthenospheric flow (Fig. 9c) that develops as the Burma trench, which is located just south of the Eastern Himalayan Syntaxis, retreats westward. The roll-back of the Burma slab causes poloidal flow of the asthenosphere around the slab, which draws in a toroidal flow around its northern edge. This inference is consistent with the current knowledge of mantle seismic anisotropy in the region (e.g., León Soto et al., 2012) .
Implications for the Cenozoic development of northern Tibet
Recent work on the timing of structures in northern Tibet suggests a two-stage development of the region (Fig. 3b) , with a change from thrust-dominated to strike-slip-dominated deformation at 20 to 15 Ma (e.g., Craddock et al., 2011; Duvall et al., 2013) due to a change in boundary conditions and stress regime . As discussed by Clark (2012) , the average bulk strain rate (i.e., _ ε ¼ v=L) across the Himalayan-Tibetan orogen has remained constant since the onset of collision ( _ ε =~7 × 10
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); deformation and narrowing of the orogen (L) has been balanced by slowed plate convergence (v) as a result of viscous mantle resistance. A constant strain for a viscous medium (i.e., the Tibetan-Eurasian lithosphere) equates to constant contractional stress acting on it, regardless of a shift in the geodynamics (e.g., crustal thickness, rheology, boundary conditions). Our calculated present-day shear strain rates and clockwise rotation rates across northern Tibet are consistent with geologic and paleomagnetic rotation rates. This similarity suggests that strain rates have remained constant throughout the Cenozoic, which is inconsistent with the discrete two-stage deformation model for the development of northern Tibet (e.g., Yuan et al., 2013 ) that requires a change in boundary conditions. Alternatively, the non-rigid passive bookshelf model proposed in this study implies that coeval and kinematically linked thrust and strike-slip faulting could have formed under a constant stress regime.
The fundamental mode of Cenozoic deformation in northern Tibet appears to be protracted north-trending right-lateral simple shear (England and Molnar, 1990) , nearly parallel to the northeast-striking Altyn Tagh fault, since the onset (or soon after) of the India-Eurasian collision at 60-55 Ma (e.g., Zhu et al., 2005; Green et al., 2008; Dupont-Nivet et al., 2010) (Fig. 10) . Right-lateral shear strain was accommodated in the Eocene-Oligocene to early Miocene by distributed shortening and crustal-thickening in the Qimen Tagh, Qaidam Basin, and southern Qilian Shan thrust belts (Fig. 10a ). An eastward decrease in north-south shortening strain was associated with the passive clockwise rotation of northern Tibet against the left-slip Altyn Tagh fault.
Crustal thickening led to a reorientation of the intermediate compressive stress orientation from horizontal to vertical by 20 to 15 Ma that shifted deformation to a mixed-mode of thrusting and left-slip faulting along preexisting weaknesses (i.e., Phanerozoic sutures) (Fig. 10b) . The clockwise rotation and northward translation of the east-striking left-slip Haiyuan, Qinling, and Kunlun faults against the left-slip Altyn Tagh bounding fault zone in the northwest and the Longmen Shan in the southeast operated as passive bookshelf fault system. Combined northward translation and clockwise rotation of northern Tibet lead to minor observable right-slip shear along the eastern northeast-striking bounding faults (i.e., right-slip faulting within the thrust belt) (Figs. 6b and 10b) . The rotating fault-bounded domains, surrounded by a relatively rigid medium (i.e., a strong Tarim and North China) (e.g., Molnar and Tapponnier, 1981) , require faultparallel deformation to resolve the space issues at the panel ends (Fig. 10c) . Note that the Altyn Tagh fault is oblique to the regional shear direction, and this orientation results in more shortening in the west than the east as the left-slip faults rotate against rigid Tarim and the Altyn Tagh boundary shear zone. Wallrock deformation and subsequent fault stretching (Means, 1989) result in negligible fault slip at the ends of each east-striking left-slip fault.
Several testable predictions emerge from our proposed model. First, the east-striking left-slip faults should be relatively weak. The western and central sections of the faults strike at a high angle to the maximum compressive stress direction (Fig. 4b) which indicates that minimal shear stress is acting on the fault planes. The faults also initiated along sutures (Fig. 1 ) that are presumably zones of preexisting weaknesses. The orthogonal orientation of the strike-slip faults to the maximum compressive stress direction in the west allows for the development of thrust belts that obliquely merge with the left-slip faults, as opposed to the eastern thrust belts that develop orthogonally to the strike-slip faults (Fig. 1) . Second, the distinct two stages of deformation in northern Tibet (e.g., Yuan et al., 2013) may be apparent as a result of limited sampling and loose timing constraints. For example, we note that there are no direct age constraints for the initiation of the Haiyuan fault (Fig. 3b) . The complex deformational patterns in northern Tibet make differentiating between thrust and strike-slip fault initiation difficult with current thermochronology techniques. Lastly, detailed studies of crustal strain can reveal if the fault-parallel shortening and extension in the off-fault regions equal offset on the strike-slip faults. There is currently little detailed structural data across the Qimen Tagh and Qilian Shan thrust belts to convincingly test this hypothesis, and GPS stations are sparse in these regions (Fig. 4a ).
An important implication of the non-rigid bookshelf-fault model is that the style and magnitude of Cenozoic deformation in northern Tibet vary considerably in the east-west direction. In order to understand processes of continental deformation and plateau construction, future geologic studies must establish along-strike variations of the structural framework along the left-slip faults to examine the relationship between discrete left-slip faulting and distributed off-fault deformation. It is clear that a single north-south cross section and its kinematic reconstruction across the northeastern margin of the Tibetan Plateau would not properly quantify the complex deformational processes of plateau formation.
Conclusions
The Cenozoic tectonic development of northern Tibet is characterized by the clockwise rotation of three major east-striking left-slip faults. Similar rotation and shear strain rates from paleomagnetic, geologic, and geodetic datasets (e.g., _ ε xẏ=~1 0 −16 s −1
) suggest continuous clockwise rotation of the region since the Eocene, which is consistent with a constant bulk strain rate across the Himalayan-Tibetan orogen since the onset of India-Eurasia collision (Clark, 2012) . Our proposed non-rigid passive bookshelf-fault model, which relates discrete left-slip faulting to distributed off-fault deformation during regional clockwise rotation, accounts for the rotation of major left-slip faults, bidirectional decrease in slip from the central segments of these faults, eastward-tapering northwest-trending thrust belts, and four-quadrant strain pattern in the wallrock of the strike-slip faults. This model quantifies the relationship between strike-slip faulting and off-fault deformation during processes of continental tectonics and highlights the complexity of Cenozoic continental deformation in northern Tibet.
